Abstract. This paper presents the design and development of a 30-kW 3D printed based air-cooled silicon carbide (SiC) inverter for electric vehicle application. Specifically, an all-SiC air-cooled power module is designed, aiming at reduced thermal resistance for high temperature and high power density operation. The module assembly incorporates three major parts: an optimized 3D printed heat sink, a SiC MOSFET phase-leg module, and a two-channel gate driver. The electrical and thermal performance of the power module is evaluated through double pulse test and continuous operation. Based on the air-cooled power module, a three-phase half-bridge voltage source inverter with 3D-printed air duct is built and tested to further verify the performance of the power module.
Introduction
In recent years, some high power density air-cooled power modules / inverters using SiC devices have been demonstrated for electric vehicle application [1] [2] [3] [4] . The air-cooled inverters are currently used in commercial HEVs [5] [6] . The power module packaging technology plays an important role to explore the potential of SiC devices, such as high power density, high frequency and high temperature operation.
In addition to module packaging structure, power electronics converter packaging introduces another level of complexity to design a high density electric traction drive system for EVs. 3D power electronics converter packaging with integrated interconnects and heat exchangers can reduce the required assembly steps and increase the power density of the whole system. Recent advancements in additive manufacturing (AM) promise an exciting future trend for more advanced power module / converter packaging technology to make inroads into the power electronics industry. AM techniques enable the development of complex 3D geometries that will result in size, volume, and material reductions at both component and system levels. Oak Ridge National Laboratory (ORNL) took the first step towards achieving a completely 3D-printed inverter concept by developing a 10-kW all SiC liquid-cooled inverter with 3D-printed heatsinks [7] . Based on the previous research effort, this work aims at developing air-cooled modules with low thermal resistances by utilizing AM techniques. Bearing this goal in mind, this paper focuses on enhancing the thermal performance of conventional wire bonding modules through additive manufacturing (AM) enabled: advanced packaging structure, optimized heat sink, as well as more-compact system integration.
Inverter Design
An advanced packaging structure featuring single heat sink and two submodules is proposed for each phase-leg of the inverter, as shown in Fig. 1 . The overall objective of this packaging structure is to improve the thermal performance of the phase-leg module with good switching performance. The surface area of the heat sink is fully utilized to reduce its equivalent thermal resistance. Specifically, the high-side and low-side switches of the phase-leg module are attached to the top and bottom base plates of the heat sink. A dc side decoupling capacitor bank is placed closely to the power modules, which helps to reduce the commutation loop inductance and thus suppress ringing during fast switching transient. The design and development of the air-cooled power module with the proposed packaging structure are discussed as follows.
Heat Sink: The heat sink is designed and optimized based on mathematical iteration of classic heat transfer equations, and the detailed optimization procedure is out of the scope of this paper. The base material for the heat sink AlSi10Mg offers good thermal properties, strength, hardness, and low weight, thus preferable to be used in high power density application. The optimized fin shape 3D printed heat sink is shown in Fig. 1 .
SiC Power Module:
The phase-leg power module consists of two direct bond copper (DBC) substrates attached to the metal base of the heatsink. The aluminum heatsink is electrically insulated from the positive and negative DC bus by the aluminum nitride (AlN) substrate. The phase traces of both DBC cards are connected as seen in the assembled module in Fig. 1 . The power module utilizes 1200 V, 100 A SiC MOSFET (die area: 7 mm × 8 mm) and 1200 V, 50 A SiC Schottky diode (die area: 4.9 mm × 4.9 mm). Packaging materials for the air-cooled power module are selected based on the literature study and past research experience at Oak Ridge National Laboratory [8] [9] . The conventional wire-bonding technology is used for interconnection of the devices and Aluminum bonding wires of 0.127 mm are selected to connect the top surface of the dies to the substrate. Multiple such bonding wires are in parallel to have a sufficient current capability under high temperature operation.
Gate Driver: Three two-channel gate drive boards have been designed and tested based on the commercial gate drive chips. Fig. 2 illustrates the system-level architecture of the gate driver for the phase-leg power module used for threephase inverter.
The main functions of the gate driver are summarized as follows: 1) two channel with galvanic isolation; 2) high sinking and sourcing current (up to ±30 A peak); 3) active miller clamping/crosstalk suppression; 4) fault report function (with adjustable output holding time); 5) undervoltage lockout (UVLO) function; 6) potential thermal protection function; 7) short circuit protection function (adjustable reset time); 8) soft turn-off function for short circuit protection (adjustable gate clamping voltage and turn-off time); 9) supporting both zero and negative gate voltages.
Inverter Assembly: The inverter structure and final assembly are shown in Fig. 3(a) and Fig. 3(b) , respectively. Three sets of phase-leg power modules with 3D-printed heat sinks are A dc link busbar with six 40 µF film capacitors is designed to obtain a high form factor. In addition, an air duct is designed and installed at the input and output of heat sinks for low air pressure drop. The assembled three phase air-cooled inverter is tested under different dc bus voltages and load conditions.
Experimental Results

Double pulse test:
The switching performance of the power module is evaluated a by double pulse power test setup with clamped inductive load, and its turn-on and turn-off waveforms at 400V/30A are shown in Fig. 4a and Fig. 4b respectively. Regardless of high turn-on and off delay time, the switching transients are completed within 200 ns. The fast switching speed and low ringing indicate low power loop parasitic inductance and low switching energy loss (~ 2 mJ), enabling high frequency and high power density continuous operation.
Continuous operation: The assembled three phase air-cooled inverter is tested under different dc bus voltages and load conditions. The continuous operation result with 13 kW is shown in Fig. 5a . With a stable dc bus voltage, the output phase current waveforms present sinusoidal profile with low switching ripples, and the total harmonic current distortion is around 4%. Under light load condition and high dc bus voltage, the efficiency is relatively low due to high switching loss, as shown in Fig. 5b . With the increase of load current, the efficiency is gradually increased from ~92% to ~98%.
The junction temperature of semiconductors is difficult to obtain due to compact inverter design with three power modules stacking one above another. Instead, the inlet, outlet, and baseplate temperature of the heat sink are monitored by K-type thermocouples. Under 25 o C inlet temperature and 13 kW load power, the middle outlet temperature gradually stabilizes at 72 o C after around 20 minutes continuous operation.
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Summary
The design and development of a novel 3D printed air-cooled SiC inverter for electric vehicle application was presented in this paper. This paper demonstrated that with SiC devices air-cooling can become a possible option for electric vehicle applications and can replace the liquid-cooled heatsinks in future. This also paper showed that 3D-printing technology can be used for advanced heatsink designs and can match the thermal performance like a traditional aluminum material. Finally, with a combination of two advanced technologies like SiC and 3D-printing a complex problem of achieving high efficiency and high power density operation for air-cooled based automotive power converters can be solved.
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